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The alcohol dehydrogenase from Methylobacterium organophilum, a faculta-
tive methane-oxidizing bacterium, has been purified to homogeneity as indicated
by sodium dodecyl sulfate-gel electrophoresis. It has several properties in common
with the alcohol dehydrogenases from other methylotrophic bacteria. The active
enzyme is a dimeric protein, both subunits having molecular weights of about
62,000. The enzyme exhibits broad substrate specificity for primary alcohols and
catalyzes the two-step oxidation of methanol to formate. The apparent Michaelis
constants of the enzyme are 2.9 x 10' M for methanol and 8.2 x 10' M for
formaldehyde. Activity of the purified enzyme is dependent on phenazine meth-
osulfate. Certain characteristics of this enzyme distinguish it from the other
alcohol dehydrogenases of other methylotrophic bacteria. Ammonia is not re-
quired for, but stimulates the activity of newly purified enzyme. An absolute
dependence on ammonia develops after storage of the purified enzyme. Activity
is not inhibited by phosphate. The fluorescence spectrum of the enzyme indicates
that it and the cofactor associated with it may be chemically different from the
alcohol dehydrogenases from other methylotrophic bacteria. The alcohol dehy-
drogenases of Hyphomicrobium WC-65, Pseudomonas methanica, Methylosinus
trichosporium, and several facultative methylotrophs are serologically related to
the enzyme purified in this study. The enzymes of Rhodopseudomonas acido-
phila and of organisms of the Methylococcus group did not cross-react with the
antiserum prepared against the alcohol dehydrogenase of M. organophilum.

Bacteria capable of using one-carbon com-
pounds to provide their carbon and energy re-
quirements for growth have been described pre-
viously (16, 18, 29). These organisms can be
grouped into two categories. Obligate methylo-
trophs usually utilize methane and are abso-
lutely dependent on one-carbon compounds as
growth substrates. Facultative methylotrophs
can grow on more complex organic substrates
such as succinate or glucose in addition to one-
carbon compounds. Most cannot oxidize meth-
ane.
An alcohol dehydrogenase (also called meth-

anol dehydrogenase) plays a major role during
growth of these organisms on methane or meth-
anol; the enzyme catalyzes the oxidation of
methanol to formate. Alcohol dehydrogenases
have been purified from several facultative and
obligate methylotrophic bacteria (2, 3, 8, 14, 21,
22, 26). All have molecular weights in the range
of 120,000 to 140,000. Absorption spectra have
revealed maxima at 280 and 350 nm. Enzymatic
activity was dependent on the presence of phen-
azine methosulfate (PMS) as an artificial elec-
tron carrier, ammonia was required for activity.
Nicotinamide adenine dinucleotide (NAD+) was

not reduced by the enzymes. High pH optima
were observed. The enzymes exhibited broad
substrate specificity for primary aliphatic alco-
hols and were also capable of oxidizing fornal-
dehyde to formate. Immunological and biochem-
ical studies comparing the enzymes of an obli-
gate methylotroph and a facultative organism
have suggested a close relationship between
these organisms in spite of differences in their
carbon assimilation pathways (14, 15).
We are currently studying a facultative meth-

ylotroph which can grow on methane, methanol,
and more complex organic substrates. The al-
cohol dehydrogenase of this organism has been
purified and biochemically characterized. Sero-
logical studies using crude extracts of several
methylotrophs and antiserum prepared against
this enzyme have been employed to provide
information on the taxonomic position of this
microorgamsm.

MATERIALS AND METHODS
Organisms and growth conditions. Methylobac-

terium organophilum strain XX (17), ATCC 27886,
was used as the source of the alcohol dehydrogenase.
Other facultative methane oxidizers were isolated from
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Lake Mendota, Madison, Wis., using the enrichment
technique of Patt et al. (16). Single clones that grew
on plates in the presence of methane were streaked on
nutrient agar plates; the resultant colonies were trans-
ferred and maintained on methane. Other methylo-
trophs were kindly provided by the following people:
Methylococcus capsulatus and Pseudomonas meth-
anica by D. W. Ribbons, University of Miami School
of Medicine, Miami, Fla.; Methylococcus strains 999
and B1 by Shell Research Limited, Sittingbourne,
Kent, England; Methylosinus trichosporium OB3b by
R. N. Patel, Corporate Research Laboratories, Exxon
Research and Engineering Co., Linden, N.J., and by
R. W. Whittenbury, Warwick University, Coventry,
England; Rhodopseudomonas acidophila 10050 by J.
R. Quayle, University of Sheffield, Sheffield, England;
Hyphomicrobium WC-65 and the facultative methanol
oxidizer JB-1 by E. Bellion, University of Texas, Ar-
lington.

R. acidophila was grown photosynthetically in
basal medium (19) with 0.2% methanol (vol/vol)
added. All other organisms were grown in liquid NMS
medium (16) at 30°C on rotary shakers, except Hy-
phomicrobium WC-65, which was incubated without
shaking. All Methylococcus strains, P. methanica, M.
trichosporium, M. organophilum, and some faculta-
tive methane oxidizers were incubated under a 75%
methane-25% air atmosphere. Methanol was filter
sterilized and added to the medium to a final concen-
tration of 0.5% (vol/vol) when growing Hyphomicro-
bium WC-65, organism JB-1, and other facultative
methylotrophs. M. organophilum was grown in a 14-
liter New Brunswick Microferm fermentor at 30°C
with continuous aeration on 0.5% methanol (vol/vol).

Cells were harvested by centrifugation in the middle
of the exponential phase of growth, washed three
times with 50 mM phosphate buffer (pH 7.0), and
stored at -20°C.
Crude extracts. Cells were thawed, resuspended

in twice their weight of the phosphate buffer, and
disrupted by three passes through a French pressure
cell at 18,000 lb/in2. The extracts were centrifuged at
20,000 x g for 20 min at 4°C; the supernatant fractions
were stored on ice until assayed.
Assays of the alcohol dehydrogenase. Alcohol

dehydrogenase was assayed polarigraphically using a
Rank oxygen electrode (Rank Bros., Biosham, Great
Britain). The normal assay mixture contained (in 1.0
ml): 100 ltmol of tris(hydroxymethyl)aminometh-
ane (Tris)-hydrochloride (pH 9.0) and 95 ,umol of
sodium carbonate (pH 9.0), 0.33 ,mol of PMS, 20 limol
of NH4Cl, 12.4 ymol of redistilled methanol or 10,umol
of formaldehyde, and enzyme. When determining the
substrate specificity of the enzyme, 8 to 10 jAmol of
each compound indicated in Table 2 was added to the
assay mixture instead of methanol or formaldehyde.
Purified enzyme was used for all experiments unless
otherwise noted. Assays were run at 40°C unless oth-
erwise noted. The reaction was started by addition of
the substrate. A unit of activity is defined as the
amount of enzyme required to give a rate of 1 jimol of
02 consumed per min. Specific activity is expressed as
micromoles of 02 consumed per minute per milligram
of protein.
Enzyme activity was also monitored spectrophoto-

metrically by following the reduction of 2,6-dichloro-
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phenolindophenol at 600 nm or the reduction of puri-
fied c-type cytochrome from M. organophilum at 520
nm. The assay mixture and procedure used were those
described by Anthony and Zatman (2).

Purification ofthe alcohol dehydrogenase. The
crude extract of M. organophilum was adjusted to pH
4.0 by the slow addition of 0.5 N HCI at 4°C with
constant stirring. This suspension was centrifuged at
90,000 x g for 1 h at 4°C to remove the heavy precip-
itate. The supernatant fraction was adjusted to pH 7.0
by the addition of 0.5 N NaOH at 4°C.
The neutralized enzyme preparation was dialyzed

overnight at 4°C against the volume of ammonium
sulfate-saturated 10 mM Tris buffer required to make
the final (NH4)2SO4 saturation 85%. The precipitate
formed was removed by centrifugation at 20,000 x g
at 4°C for 20 min and was suspended in a minimum
volume of 10 mM Tris-hydrochloride buffer (pH 8.0).
(NH4)2SO4-saturated Tris buffer was added dropwise
to the enzyme preparation with constant stirring at
4°C until a final saturation of 55% was reached. After
low-speed centrifugation, the supernatant fraction was
dialyzed against 1,000 volumes of the Tris-hydrochlo-
ride buffer.

One-half of the dialyzed sample (3.5 ml) was applied
to a column (1.3 by 25 cm) of diethylaminoethyl-
cellulose (Whatman DE52) equilibrated with 10 mM
Tris-hydrochloride buffer (pH 8.0); 100 ml of buffer
was passed through the column until no further pro-
tein was eluted, as indicated by absorbance at 280 nm.
A linear KCI gradient (200 ml, 0 to 0.4 M) was applied.
The yellow-colored alcohol dehydrogenase eluted at
0.1 M KCI. Fractions with high enzyme activity were
pooled and dialyzed against the (NH4)2S04-saturated
Tris buffer.
The precipitate was removed by centrifugation, re-

suspended in a minimum volume of the Tris-hydro-
chloride buffer, and applied to a Bio-Gel A 1.5-m, 100-
to 200-mesh column (1.3 by 35 cm). Tris-hydrochloride
buffer was passed through the column. Fractions with
the highest specific activity were pooled and stored
under N2 at -20°C.

During purification, the enzyme preparation was
protected from strong light and was constantly kept in
the presence of N2.
The requirement of the enzyme for ammonia was

examined under enzyme preparations purified in the
absence of ammonia. The acid precipitation step was
followed by diethylaminoethyl-cellulose chromatog-
raphy. Fractions with the highest specific activity were
assayed immediately and stored without further con-
centration. All solutions and buffers were prepared
with distilled water that had been further deionized
using a strong anion-strong cation mixed-resin bed
provided by the Continental Deionized Water Service,
Madison, Wis.
Cytochrome purification. The soluble c-type cy-

tochrome was purified using method I described by
Anthony (1) with one modification. Cytochrome frac-
tions were concentrated by dialysis against 25% poly-
ethylene glycol 20,000 instead of by ultrafiltration.

Protein homogeneity. The homogeneity of the
enzyme and cytochrome preparations was determined
by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis using the method of Laemmli (12).
Gels were stained using a series of isopropyl alcohol-
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acetic acid-water-Coomassie brilliant blue solutions as
described by Fairbanks et al. (7) and were destained
in 10% acetic acid (vol/vol).

Spectrophotometry. Absorption spectra were de-
termined using a Cary 15 spectrophotometer. Fluores-
cence spectra of the active enzyme were measured in
distilled water using an Aminco-Bowman spectropho-
tofluorometer.
Molecular weight determinations. The molecu-

lar weight of the active enzyme was determined by the
slope-molecular weight method of Hedrick and Smith
(9). The enzyme and protein standards were subjected
to electrophoresis in 6, 7, 8, and 9% polyacrylamide
gels. The slope of the plot of logarithm of relative
mobility versus percent gel was plotted against the
molecular weight of the proteins. Hemoglobin (68,000)
(11), enolase (88,000) (20), lactic dehydrogenase
(135,000) (9), and catalase (250,000) (9) were used as

standards. The subunit molecular weight was deter-
mined by SDS-gel electrophoresis, as described by
Weber and Osborn (27). Standards included cellulase
(76,000) (30), bovine serum albumin (68,000) (27), glyc-
eraldehyde phosphate dehydrogenase (36,000) (27),
and trypsin (23,300) (27).
The cytochrome was also stained for heme iron

using the procedure of Clarke (5). The active alcohol
dehydrogenase was located in polyacrylamide gels us-

ing the nitroblue tetrazolium coupled assay described
by Wadzinski and Ribbons (26).
Immunological methods. Antiserum to the puri-

fied alcohol dehydrogenase was prepared using ran-
dom-bred New Zealand rabbits. Two injections of 1
mg each were given intramuscularly at 1-week inter-
vals. Two weeks later, three intravenous injections of
0.2 mg of antigen each were given at 2-day intervals.
The rabbits were bled by marginal ear puncture 1
week later and for the following weeks. When neces-
sary, booster doses of 1 mg of enzyme in Freund
adjuvant were given intramuscularly.

Cross-reactivity was determined by the Ouchter-
lony double-diffusion technique (23). Equal amounts
of methanol-oxidizing activity were added to each
antigen-containing well. Reactions were carried out at
20°C and interpreted after 24 h of incubation.

Analytical procedures. Formate was determined
by the method of Wadzinski and Ribbons (26), using
the NAD-linked formate dehydrogenase present in
crude extracts ofM. organophilum. The assay volume
was changed to 3.0 ml. Appropriate formate standards
were included.

Protein was determined by the Folin phenol reagent

method (13). Crystalline bovine serum albumin
(Sigma, fraction V) was used as the standard; absorb-
ance was measured at 660 nm on Gilford 2000 spectro-
photometer.

Materials. Formaldehyde was prepared by auto-
claving an aqueous solution containing a weighed
amount of paraformaldehyde under an N2 atmosphere
in a sealed vial.

Tris-hydrochloride, 2,6-dichlorophenolindophenol,
PMS, nitroblue tetrazolium, and the standards for
electrophoresis were obtained from the Sigma Chem-
ical Co., St. Louis, Mo. Whatman DE52 was obtained
through H. Reeve Angel and Co. Ltd., Clifton, N.J.
Bio-Gel A, acrylamide, and methylene bisacrylamide
were obtained from Bio-Rad Laboratories, Richmond,
Va.

RESULTS

Purification of the cytochrome. A soluble
c-type cytochrome was obtained that appeared
identifical to those previously described by An-
thony (1) and Tonge et al. (24). The absorption
spectrum had characteristic a, I, and y peaks at
549 to 552 nm, 519 to 521 nrm, and 415 to 417
nm, respectively. The (reduced plus CO) minus
reduced difference spectrum exhibited an ab-
sorption peak at 535 nm and a corresponding
trough at 549 nm. SDS-polyacrylamide gel elec-
trophoresis of the final product indicated the
presence of a single heme iron protein with a
molecular weight of 21,500.
Purification of the alcohol dehydrogen-

ase. Table 1 summarizes the purification of the
alcohol dehydrogenase from M. organophilum.
A 20-fold purification and a 25% yield were
achieved. A single band was obtained when the
resultant protein was subjected to SDS-poly-
acrylamide gel electrophoresis (Fig. 1). The pu-
rification procedure represented a modification
of that used by Patel et al. (14) to purify alcohol
dehydrogenases from methylotrophic bacteria.
Elimination of an ultracentrifugation step and
utilization of a different ammonium sulfate frac-
tionation procedure resulted in both a higher
final specific activity and a greater yield. The
equilibration of the diethylaminoethyl column
with a lower concentration buffer, 10 mM rather

TABLE 1. Purification of the alcohol dehydrogenase from M. organophilum

Step ~~~Vol Total U' rti Sp actb % Yield Fold pu-Step (Ml) (mg/ml) rification

Crude extract 46.1 136 42.0 0.07 100
Reneutralized enzyme fraction 40.5 67 8.7 0.19 49.3 2.7
(NH)2SO4 fraction (55-85% satu- 7.0 48 12.3 0.56 35.3 8.0

ration)
Diethylaminoethyl-cellulose col- 27.3 44 1.7 0.94 32.4 13.4
umn

Bio-Gel column 19.9 34 1.2 1.43 25.0 20.4

Expressed as micromoles of 02 consumed per minute.
b Expressed as micromoles of 02 consumed per minute per milligram of protein.
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tochrome; however, the polarigraph assay was

more sensitive and reproducible. PMS was re-

quired for activity of the purified enzyme. Activ-
ity was not PMS dependent until after ammo-
nium sulfate fractionation of the extract. Addi-
tion of PMS during assay of the crude extract
resulted in a twofold increase in activity. NAD+
had no effect on enzyme activity.

(i) Substrates. All primary aliphatic alcohols
tested were oxidized by the enzyme; the shorter
alcohols were oxidized at rates comparable to
that of methanol oxidation (Table 2). Secondary,
tertiary, and cyclic alcohols also served as sub-
strates. Formaldehyde was oxidized at half the
rate of methanol.

(ii) Stoichiometry. The data in Table 3 sug-

gest the complete conversion of methanol or

formaldehyde to formate. The molar yields of
reduced NAD formed in the formate dehydro-
genase assays (and therefore the amounts of
formate consumed in the assays) were equal to
the original quantities of methanol and formal-
dehyde provided as substrates for the alcohol
dehydrogenase. The amounts of oxygen con-

sumed during the oxidations of methanol and

TABLE 2. Substrate specificity of the alcohol
dehydrogenase

Oxidation rate (%)
Substrates compared to meth-

anol oxidation

Ethanol, 1-propanol, 1-pentanol, 1-
octanol 90-110

Formaldehyde, ethanolamine ..... 40-50
Isobutanol, t-butanol, cyclohexanol 5-10

FIG. 1. SDS-polyacrylamide gel electrophoresis of
the purified alcohol dehydrogenase. Electrophoresis
was performed on 9%o gels. Migration occurred from
top to bottom.

than 20 mM Tris-hydrochloride, permitted re-

tention of the enzyme on the column while the
major contaminant, the cytochrome, eluted off.
Enzymatic activity. The alcohol dehydro-

genase could be assayed polarigraphically or

spectrophotometrically coupled to the reduction
of dichlorophenolindophenol or the purified cy-

TABLE 3. Stoichiometry of methanol and
formaldehyde oxidation by the alcohol
dehydrogenase from M. organophilum

Amt nmol of
(nmol) Total NAD re-

Substrate added to al- nmol of ducedcohol de- 02 con- (formate
hydrogen- sumed present)b
ase assay' rsn)

Methanol 246 239 NDe
Methanol 625 543 533
Formaldehyde 250 116 ND
Formaldehyde 1,000 ND 852
Formated 500 0 423

a Substrate was incubated with 50 U of enzyme for
30 min or until no further 02 consumption occurred.
bNAD was reduced when crude extract containing

an NAD-linked formate dehydrogenase was added, if
formate was present.
'ND, Not determined.
d Included as a control to determine recovery of

formate during this experiment.

APPL. ENVIRON. MICROBIOL.
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formaldehyde that were allowed to go to com-
pletion indicated that formate was the only
product of the reaction.

(iii) pH optimum. The pH optimum for en-
zyme activity was 10.0 to 10.5. The assay was
not accurate at higher pH values since oxygen
consumption (or dye reduction) occurred in the
absence of enzyme at pH values higher than
10.5. Figure 2 shows the progress of reactions
run at several pH's. At all pH's tested, the re-
action rate was neither linear nor maximum
immediately after methanol addition. The
length of time that was required for it to reach
a linear, maximum rate decreased with increas-
ing pH. Assays run at pH values of 7.5 and 8.0
showed no oxygen consumption for at least 5
min and did not reach maximum activity until
after 11 min.

(iv) Effectors. Ammonia was not required
for, but did stimulate the activity of freshly
prepared enzyme. The optimum concentration
for stimulation was 20 mM NH4Cl. A good en-
zyme preparation showed a 2.5- to 4.5-fold stim-
ulation. The amount of stimulation increased
upon storage of the enzyme due to a gradual loss
of the ammonia-independent activity. Methyla-
mine enhanced activity to a lesser degree. NaCl,
CaCl2, MgCl2, MnCl2, or LiCl2 did not affect
activity. The addition ofKCI to an assay mixture
containing NH4Cl resulted in partial reversal of

0.25
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the observed stimulation (Fig. 3).
Cyanide was found to inhibit the enzyme; 0.5

mM NaCN caused a 25% decrease in methanol-
oxidizing activity; 200 mM phosphate did not
inhibit activity. ATP, ADP, AMP, phospho-
enolpyruvate, methane, glyoxylate, or glycolate
did not affect the enzyme.

(v) Kinetics. The apparent Michaelis-Men-
ten constants for methanol and formaldehyde
were determined using the double-reciprocal
plot method of Lineweaver and Burk. A Km of
2.9 x 10' M was found for methanol; the pres-
ence of NH4Cl did not affect this value (Fig. 4).
The V, for methanol oxidation increased 2.5-
fold in its presence. A Km of 8.2 x 10-5 M was
found for formaldehyde.

(vi) Stability of the purified enzyme. Pu-
rification of the enzyme in the presence of strong
light and air resulted in a preparation with low
activity that was unstable to storage. The en-
zyme was also unstable when stored in a dilute
solution (<5 mg/ml). When prepared under N2
and protected from strong light, the enzyme
retained up to 70% of its ammonia-stimulated
activity for up to 4 months if stored at -20°C.
The ammonia-independent activity was lost
after storage at -20°C for 2 weeks.
Physical characteristics. (i) Molecular

weight. The active enzyme had a molecular
weight of 135,000 + 5,000 as determined by its

minutes
FIG. 2. Assays of the alcohol dehydrogenase at several pH values. The reaction was measured as micro-

moles of 02 consumed per milliliter of assay mixture per minute. The reaction was started by the addition of
methanol at the time indicated by the arrow.
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FIG. 3. Effect ofKCI on the alcohol dehydrogenase in the presence of varying concentrations ofammonia.

Symbols: (0) no NH4Cl added, 100% activity equaled 1.7 nmol of 02 consumed per min; (U) 10 mM NH4Cl
added, 100% activity equaled 6.9 nmol of 02 consumed per min; (0) 20 mM NH4Cl added, 100% activity
equaled 8.6 nmol of 02 consumed per min.
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FIG. 4. Lineweaver-Burk plot for the alcohol de-

hydrogenase from M. organophilum. Methanol oxi-
dation in the presence and absence of20mM NH4Cl
was measured the same day that the enzyme was

purified.

relative mobility in polyacrylamide gels of in-
creasing acrylamide percentages. A single band
was obtained after electrophoresis ofthe enzyme
on SDS-polyacrylamide gels, corresponding to a
molecular weight of 62,000. This suggests the
presence of two subunits of the same molecular
weight in the active enzyme.

(ii) Absorption spectrum. The purified en-

zyme exhibited absorption maxima at 280 and
345 nm with little absorption above 420 nm.

(iii) Fluorescence spectrum. The purified
enzyme exhibited an excitation maximum at 285

to 290 nrm and an emission maximum at 355 to
360 nm. Fluorescence was maximnum over a pH
range of 2 to 7; 0.1 N NaOH quenched the
emission 90%.
Serological studies. A single precipitin line

was formed in Ouchterlony plates when the
crude extract of M. organophilum was cross-
reacted with the antiserum prepared against the
purified alcohol dehydrogenase of the same or-
ganism (Fig. 5A). This indicated specificity for
the alcohol dehydrogenase. Figure 5 shows rep-
resentative reactions obtained during the sero-
logical studies using crude extracts of several
methylotrophs; Table 4 summarizes these re-
sults. The extracts of R. acidophila, Methylo-
coccus capsulatus, Methylococcus strains 999
and BR, and one facultative methane oxidizer
did not cross-react with the antiserum even
though methanol-oxidizing activity was present.
The extracts of facultative methylotrophs, in-
cluding M. organophilum and organism JB-1,
and P. methanica formed precipitin bands that
fused with each other to give reactions of com-
plete identity. The extract of M. trichosporium
formed a precipitin band that fused with those
of the purified enzyme and the extracts of the
facultative methane oxidizers, but spurs were
formed with the precipitin bands of P. methan-
ica and organism JB-1. The extract of Hypho-
microbium WC-65 formed spurs with all other
cross-reacting extracts.
Presence of the enzyme in methane-

0 NH4CI

20mM NH4CI

10 mM NH4CI

p-- A aI

(a

0
-1
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FIG. 5. Immunodiffusion studies showing representative cross-reactions between the extracts of several
methylotrophs. Equal units ofmethanol-oxidizing activity ofthe extracts wereplaced in the outer wells of the
Ouchterlony plates; antiserum prepared against the purified alcohol dehydrogenase from M. organophilum
was placed in the center well. (A) Cross-reactions of M. organophilum: (1) purified enzyme; (2) extract of
methanol-grown cells; (3) extract of methane-grown cells; (4) an extract of Escherichia coli run as a control.
(B) Cross-reactions of extracts of several methylotrophs illustrating the different patterns of reaction: (2)
methanol-grown M. organophilum; (5) organism JB-1; (6) P. methanica; (7) M. trichosporium; (8) Hyphomi-
crobium WC-65.

VOL. 36, 1978



TABLE 4. Serological studies of methylotrophic bacteria

Growth Sp Cross- Identity patterncOrganism sbtae ct reactiv-substrate act' rctyb M.o. fs.5 JB-1 P.m. OB3b WC-65

R. acidophila 10050 Light + 0.005 None
CH4

M. capsulatus CH4 0.039 None
Methylococcus 999 CH4 0.015 None
Methylococcus Bi CH4 0.003 None
Organism fs.11 CH4 0.009 None
M. organophilum XX CH30H 0.049 + i i i i i p

CH4 0.349 + i i i i ND ND
P. methanica CH4 0.140 + i i i i p p
Organism JB-1 CH30H 0.068 + i i i i p p
Organism fs.4P CH30H 0.058 + i i i i ND ND
Organism fs.104 CH30H 0.060 + i i i i ND ND
Organism fs.7 CH4 0.472 + i i ND i i i
M. trichosporium OB3b CH4 0.034 + i i p p i p
Hyphomicrobium WC-65 CH30H 0.026 + p p p p p i

a Specific activity of crude extracts is expressed as micromoles of 02 consumed per minute per milligram of
protein at 30°C with methanol as the substrate.

b Equal amounts of enzyme activity were added to each well containing antigen.
'The precipitin reaction of the organism was compared to the reactions of extracts of other organisms that

are representative of different groups of methylotrophs. M.o., M. organophilum, a facultative methane oxidizer;
fs.5, organism fs.5, a facultative methane oxidizer; JB-1, organism JB-1, a facultative methanol oxidizer; P.m., P.
methanica, an obligate, type I methane oxidizer; OB3b, M. trichosporium OB3b, an obligate type II methane
oxidizer; WC-65, Hyphomicrobium WC-65, a methanol oxidizer that can use nitrate as the terminal electron
acceptor under anaerobic conditions. i, Identity (fusion of precipitin arcs); p, partial identity (formation of
spurs); ND, not detennined.

grown M. organophilunL The rate of metha-
nol oxidation by extracts of methane-grown cul-
tures ofM. organophilum was greater than that
of methanol-grown cultures. Extracts of meth-
ane-grown cells formed a faint precipitin line
when cross-reacted with the prepared antiserum
(Fig. 5A). This line fused with the precipitin
lines of the purified enzyme and of the extracts
of methanol-grown cells. Polyacrylamide gel
electrophoresis of extracts of cells grown on
methane and methanol and of the purified en-
zyme revealed the same pattern when stained
for PMS-dependent methanol-oxidizing activity.

DISCUSSION

The NAD-independent alcohol dehydrogen-
ase from a facultative methane-oxidizing bacte-
rium is similar in size and subunit composition
to the alcohol dehydrogenases from other meth-
ylotrophic bacteria. This enzyme, molecular
weight 135,000, consists of two subunits with
molecular weights of 62,000 each.
The alcohol dehydrogenase from M. organo-

philum, like the alcohol dehydrogenases from
other methylotrophs, exhibits broad substrate
specificity. It oxidizes short-chain primary alco-
hols nearly as quickly as methanol. In addition,
it can slowly oxidize branched and cyclic alco-

hols, some of which have not been reported as
substrates for previously described enzymes.
The enzyme's Michaelis constants, 2.9 x io-5 M
for methanol and 8.2 x 10-5M for formaldehyde,
are similar to those reported for other methylo-
trophic systems, with the exceptions of M. cap-
sulatus Texas strain (14) and R. acidophila (21).
PMS is required for activity of the purified

enzyme. Unlike the other alcohol dehydrogen-
ases, this enzyme does not have an absolute
requirement for ammonia or methylamine for
enzyme activity. The stimulation of activity by
ammonia and the development of ammonia de-
pendence after enzyme.storage suggests the am-
monia may cause a conformational change in
the enzyme.
Only two inhibitors of methanol-oxidizing ac-

tivity have been reported. Phosphate inhibition
of methanol oxidation in M. trichosporium and
in P. methanica permitted investigators to mea-
sure methane oxidation by the accumulation of
methanol (10, 24). Phosphate also inhibited
methanol oxidation in the facultative methanol
oxidizer Pseudomonas AM1 (1). Since methanol
oxidation in M. organophilum was not inhibited
by up to 200 mM phosphate in assays of the
crude extract or the purified enzyme, this en-
zyme appears to be different from these other
enzymes. The enzyme was inhibited by cyanide,
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a property shared with the methanol-oxidizing
system of M. capsulatus (6).
The NAD-independent alcohol dehydrogen-

ases exhibit high pH optima, usually around pH
9.0. The optimum for the enzyme purified in this
study was higher. The enzyme of Pseudomonas
C has also been reported to have a higher opti-
mum, pH 10.4 (8).
The absorption spectrum of the purified en-

zyme revealed the same maxima at 280 and 350
nm that have been reported for other alcohol
dehydrogenases. The active enzyme was fluores-
cent, a property that was not observed for the
enzyme from Pseudomonas M27 (4) and not
previously reported for the enzymes from other
methylotrophs. Anthony and Zatman (4) and
Sperl and his co-workers (G. T. Sperl, H. S.
Forrest, and D. T. Gibson, Abstr. Annu. Meet.
Am. Soc. Microbiol. 1973, P61, p. 151) have
reported the presence of a fluorescent cofactor
associated with the alcohol dehydrogenases
from several methylotrophic bacteria. The co-
factor exhibited an excitation-emission pair at
350 and 450 nm. The fluorescence spectrum of
the active enzyme from M. organophilum does
not coincide with the spectrum of this cofactor,
suggesting that a different molecule may be re-
sponsible for fluorescence in the enzyme from
M. organophilum.
M. organophilum is a gram-negative, polarly

flagellated, aerobic rod that fits classification as
a type II methylotroph. Because of its ability to
grow on methane in addition to methanol, dicar-
boxylic acids, and monosaccharides, one might
predict a taxonomic position between the obli-
gate and facultative methylotrophs. The serolog-
ical studies coincide with this prediction.

R. acidophila is a photosynthetic bacterium.
It is not a true methylotrophic organism, since
methanol is not used as its energy source. Its
alcohol dehydrogenase has a low affinity for
methanol (21). Its lack of cross-reactivity is con-
sistent with the difference in this enzyme's func-
tion and biochemical properties. Organisms of
the Methylococcus type are obligate, coccoid
methylotrophs. They have recently been rechar-
acterized as type X rather than type I organisms
because of the presence of ribulose diphosphate
carboxylase in M. capsulatus (R. Whittenbury,
personal communication). Wadzinski and Rib-
bons reported that the methanol-oxidizing en-
zyme in M. capsulatus was membrane bound
(26). Antiserum prepared against the purified
enzyme from M. capsulatus was very specific
and did not cross-react with the enzymes from
facultative methylotrophs (15). The current
study also suggests that serologically different
alcohol dehydrogenases exist in the Methylococ-

cus organisms and the facultative methylo-
trophs. One yellow facultative methane oxidizer,
organism fs.11, also possesses a serologically dif-
ferent enzyme. This organism does not grow on
methanol.
The "pseudomonad" type of methylotrophic

bacteria, whether obligate or facultative, have
serologically similar alcohol dehydrogenases.
Organism 4P, a type I facultative methylotroph
(A. M. Pilch, unpublished data), and P. meth-
anica, a type I obligate methylotroph, are in-
cluded in this group even though their carbon
assimilation pathways and guanine-plus-cyto-
sine contents differ from the rod-shaped meth-
ylotrophs. The facultative methane oxidizers,
including M. organophilum, and the facultative
methanol oxidizer, organism JB-1, are pink-pig-
mented, rod-shaped organisms having guanine-
plus-cytosine contents in the range of 70 to 75%
(A. M. Pilch, unpublished data).
M. trichosporium is an obligate, type II orga-

nism. Its enzyme possesses some antigenic de-
terminants in common with the enzyme of the
pseudomonad type of methylotroph. The fusion
of the precipitin lines from M. trichosporium
and the facultative methane oxidizers, but not
from P. methanica or organism JB-1, suggests
a divergence in this group. The serological dif-
ference in P. methanica coincides with a differ-
ence in the resting stages formed by these orga-
nisms. P. methanica forms an azotobacter-type
cyst, M. trichosporium an exospore (28). Orga-
nisn JB-1 differs from other members of this
group in that it cannot oxidize methane. Hy-
phomicrobium WC-65, which is morphologically
and physiologically distinct since it can use ni-
trate as a terminal electron acceptor for metha-
nol oxidation, has only a partial complement in
its alcohol dehydrogenase of the antigenic deter-
minants that are found in the cross-reacting
enzymes of the other methylotrophs.
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